The heat resistances of the fully demineralized H-form spores of Bacillus megaterium ATCC 19213, B. subtilis var. niger, and B. stearothermophilus ATCC 7953 were compared with those of vegetative cells and native spores to assess the components of resistance due to the mineral-free spore state, presumably mainly from dehydration of the spore core, and to mineralization. Mineralization greatly increased heat resistance at lower killing temperatures but appeared to have much less effect at higher ones.
The resistance of bacterial spores to heat is of major importance in human affairs and is a vital concern of the huge sterile-supply and food-processing industries. The resistance of spores to heat appears to have three discernible components (6) . A so-called inherent component is related to the evolved temperature range for the growth of sporeforming bacteria. Thermophiles generally produce more resistant spores than do mesophiles, which produce more resistant spores than do psychrophiles. Imposed on this inherent molecular resistance are cellular components. The spore state results in an overall increase in heat resistance of some 38 to 40°C if thermal inactivation of enzymes in spores and vegetative cells is considered (11) . Most of this cellularly imposed heat resistance is thought to be the result of dehydration of the spore core. Beaman et al. (2) found a direct correlation between heat resistance and core dehydration. Finally, mineralization is considered to be responsible for yet another component of resistance. Murrell and Warth (9) found a direct correlation between Dloo-c values (time required to kill 90% of the population at 100°C) over a range from about 1 to 1,000 min and the percentage of the dry weight of the spores accounted for by calcium in the range from about 1 to 3% for a variety of Bacillus spores.
The mineral content of spores can be modified by a number of means-by changing the concentrations of mineral salts in sporulation-growth media (10) Full remineralization and recovery of heat resistance were possible. In fact, the Mn form of the spores was more heat resistant than the native form. Remarkably, these procedures could be carried out without loss of viability, although it was important to keep the 60°C heating for the H-form spores to a minimum because of their increased heat sensitivity. The H-form spores were able to germinate and grow on complex growth media. The availability of viable H-form spores allows us to use spores derived from a single population for direct evaluation of the contribution of mineralization to heat resistance. The difference in resistance between H-form spores and native spores therefore quantitatively defines the mineralization effect.
To (7), and that the Na-form spores assessed by methods which allowed for rapid heating and had nearly the same sensitivity to heat as H-form spores. cooling. The heated cell suspensions contained approxi-Therefore, the greater sensitivity of the H-form compared mately 109 cells per ml. For sensitivity testing at tempera-with that of the native form did not appear to be due to tures below 100°C, cells in dense suspensions were added acidification of the spore interior.
directly to heated water in tubes in a temperature-controlled Even though the increase in heat resistance ascribable to heating block to bring about a 10-fold dilution of the popu-mineralization is quantitatively less than that due to the lation. For testing at higher temperatures, the suspensions at spore state, it is nevertheless highly important in determinthe final desired cell density were sealed in capillary tubes, ing the final heat resistance of the spores. Moreover, this which were placed, fully immersed, in a glycerol bath in a increase results in molecular stabilization at higher temperheating block. Samples of the heated suspensions were atures, which may be more difficult to achieve than stabilitransferred directly to a diluent of cool 1% peptone broth zation at lower temperatures. In addition, because the lines (Difco) at the desired times to yield an initial dilution of in Fig. 1 for H-form spores have less steep slopes than those for native spores, it appears that mineralization is more important in resistance at lower killing temperatures, whereas dehydration is of greater importance at higher temperatures.
At present, the bases for sensitivities of bacterial spores to heat are not known (6) , and so it is difficult to speculate on just what is being stabilized by the minerals. It is clear, however, that resistance to heat is incrementally acquired, with a molecular component determined by the inherent temperature adaptations of the sporogenous bacteria, a component associated with the spore state and accompanying dehydration of the core, and a component due to mineralization. 
